The purpose of this study was to evaluate a technique of pushing a wheelchair at the level of the handle bars as a method for measuring rolling resistance of wheelchair-user systems under different field conditions. Under standardized conditions on a motor driven treadmill, rolling resistance was determined using a 2D strain gauge-based push technique at the level of the handle bars and a commonly used 1D strain gauge-based wheelchair drag test using an adapted push wheelchair and ISO dummy at several velocities and using different push handle heights. After verification of the method, rolling resistance of six different floor surfaces was measured with the experimental push wheelchair in a centre for rehabilitation. Using an analysis of variance for repeated measures, small but significant differences in rolling resistance were found between the drag and push tests on a motor driven treadmill. Belt velocity and push handle height significantly affected rolling resistance. In the field study in the rehabilitation centre, tiles and tarpaulin had the lowest rolling resistance, while high piled carpet had the highest values. It is concluded that the wheelchair pushing method described in this study is usable for the determination of (relative) differences in rolling resistance of different floor materials if performed under standardized conditions and procedures, such as a stable velocity (within a small range of variation), using an ISO-dummy and a constant pushing handle bar height.
Introduction
Manual wheelchair propulsion is generally viewed as straining and inefficient [1, 2] . The physical work capacity of wheelchair users is generally not high. Long-term wheelchair use seems to be associated with overuse injuries in the upper body, primarily shoulders and wrists [3 -6] . It is therefore important that the external forces and power output, which the wheelchair user needs to generate during actual propulsion, are as low as possible.
One important way to minimize these external stresses is to reduce the resisting forces during wheelchair propulsion. These forces are generated in the interaction between the wheelchair and the environment. Theoretically, the total drag force (or external power output which is the product of external force times speed) during wheelchair propulsion consists of rolling resistance, internal friction in the wheelchair, air resistance and resistance due to inclination and other obstacles. Rough and uneven surfaces, obstacles, curbs, ramps and side slopes clearly are physically straining, not only from a purely mechanical perspective [7 -13] , but also from a physiological standpoint [14 -16] .
Additionally the wheelchair itself plays an important role in the experienced strain and comfort of propulsion [17] . During propulsion on flat surfaces in daily wheelchair use, rolling resistance will generally be the dominant resisting force (at higher speeds this role is overtaken by air resistance [18, 19] ). As far as the wheelchair-user system is concerned, rolling resistance depends on a number of wheel and tyre related characteristics, i.e. tyre pressure, form, surface and material of the tyre, wheel diameter, castor shimmy, wheel alignment and toe-in/toe-out, but also on wheelchair and occupant characteristics, such as weight and weight distribution [2,10,19 -28] . A review of wheelchair rolling resistance from a more theoretical as well as empirical perspective is presented by Kauzlarich [29] .
As stated above, rolling resistance is also highly dependent on environmental characteristics, i.e. the nature of the floor surface and material [19, 20, 30] . Physical strain and energy cost not only vary considerable with different obstacles [16] , but also with different floor surfaces and materials, as was already suggested with straightforward cardio-respiratory experiments by Wolfe et al. [14] , Glaser and Collins [31] and Glaser et al. [15] .
Understanding the effect of floor surface on rolling resistance is therefore of practical relevance to designers of the built environment. Also, a ready to use technique may help evaluate different (and newly developed) floor surfaces. Different methods for measurement of rolling resistance in wheelchairs have been used in the literature, including wheelchair drag tests, most frequently used in association to wheelchairs on a treadmill [1, 20] ; deceleration or coast down tests with [8, 32] or without [33 -35] the use of accelerometry; or wheelchair push technique [15, 30, 31] . A fairly recent, highly versatile technique that (also) can be used to measure rolling resistance under practical conditions or in the lab is the instrumented wheel [11 -13] , but this is a very costly and, for this purpose, over-dimensioned technology.
More sophisticated strain gauge-based laboratory techniques are also used, in combination with a treadmill or rotating drum, to evaluate effects of wheel and tyre materials [19, 22, 29] , but also bearing friction-which essentially can be defined as internal friction-onto rolling resistance. Internal friction is not only a consequence of bearing resistance, but also of deformation of the wheelchair frame (components), and cannot be separated from rolling resistance in experiments where complete wheelchair -user combinations are tested { . To evaluate the rolling friction of a complete wheelchair -user combination on different floor surfaces and variable terrain conditions in the field, the strain gauge based instrumented handle bar, as previously described by Glaser and colleagues [15, 30, 31] , seems very appropriate. Glaser et al. were the first to use a uni-dimensional strain gauge based handle bar technique to evaluate effects of different floor surfaces on rolling resistance. They also used the technique to determine external power output in wheelchair exercise experiments on different tracks. However they did not systematically study the validity and reliability of this technology. Although mentioned in [30] as possible confounders, they did not systematically evaluate handle bar height or velocity effects, as far as the current authors know. Also, the strain gauge was uni-dimensional and it was not possible to evaluate the effect of a vertical force component.
The major purpose of the current study is therefore to evaluate the usability of a two-dimensional strain gaugebased wheelchair handle bar push technique and to measure rolling resistance (and the vertical force component) of different floor surfaces in a rehabilitation centre under realistic daily use conditions. This study has therefore the following main objectives:
. To evaluate the usability of the wheelchair handle bar push method for determination of the wheelchair drag force, and its two dimensional components. For this purpose, the two-dimensional strain gauge-based push technique was used on a motor driven treadmill and results were compared with the results of a more common wheelchair drag test with the same wheelchair set-up. . To evaluate effects of different velocities and slopes of the treadmill in the handle bar push technique push (and wheelchair drag) tests.
. Since handle bar height may affect the direction of the push force in the plane of ambulation, especially influencing the vertical force component, different push handle heights were evaluated in the wheelchair push technique. . The magnitude and variation in rolling resistance of six different floor surfaces in a rehabilitation centre was subsequently evaluated with the wheelchair push technique for the horizontal and vertical force components.
Methods
To evaluate the consistency of the wheelchair push handle technique for the determination of rolling resistance, a wheelchair push and a wheelchair drag test were performed on a motor-driven treadmill. Rolling resistance is defined as the required push (F push ) or drag force (F drag ), that has to be exerted parallel to the floor surface and in the line of coasting of the wheelchair.
To evaluate the possible effect of velocity of the treadmill belt upon F push and F drag , both tests were conducted at velocities of 0.28 m, 0.56, 0.83, 1.11, 1.25 and 1.39 m s
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. Each test was repeated three times to obtain a more accurate estimate.
Subsequently, the effect of push handle height on rolling resistance was determined on the treadmill at five different push handle heights (0.9, 1.0, 1.1, 1.2 and 1.3 m from the floor) and at a velocity of 1.25 m s
. Based on the results of these tests, the field measurements for the rolling resistance of different floor surfaces in the rehabilitation centre were conducted with the wheelchair push technique.
Theory
Theory of rolling resistance in the context of the current study is fairly simple. Rolling resistance can be described as:
where c is the coefficient of friction and N is the normal force; in wheelchairs c is dependent on tyre and floor characteristics. Frequently the important role of wheel diameter (r) leads towards a somewhat modified equation 1:
Since wheelchairs have different characteristics for the front and rear wheels, F roll in equation 1 can be extended to:
When propelling up an incline, the total drag or push force becomes:
where gravitational acceleration (g) acts upon the total mass (m) of wheelchair and occupant under the angle of inclination (a) of the treadmill.
For a more thorough discussion of the theoretical concepts underlying the physics of rolling resistance, the reader is referred to [29] .
Experimental wheelchair
All tests were conducted with a standard attendant push wheelchair that was modified to accommodate the measurement equipment ( figure 1 ). The experimental wheelchair was a typical attendant push wheelchair (type: Poirier 3A-42; mass: 30 kg; front castor wheel: radius = 0.1 m, width = 0.05 m; rear wheel: radius = 0.15 m, width = 0.06 m; tyre pressure front: 400 kPa, rear: 250 kPa). A speedometer (Shimpo DT-4AG) was mounted to the right rear wheel. Every two seconds the velocity of the wheelchair was displayed. During the field measurements the displayed velocity values were dictated on an audiotape and used to verify the consistency of the push velocity during the field experiment. The wheelchair was loaded with a 75 kg standardized dummy in reference to ISO/DIS 7176-11 [36] .
Force transducers
A two-dimensional strain gauge-based force transducer was fixed to the frame at the back of the wheelchair. The transducer was fixed in the sagittal plane such that it measured both the horizontal (F x , i.e. F push ) and vertical force components (F z ). A uni-dimensional strain gauge-based force transducer on the treadmill measured F drag , parallel to and in the middle of the belt of the treadmill. Prior to each experiment the force transducers were calibrated statically with a set of reference weights. Calibration equations were obtained through linear regression analyses.
During the experiments the force transducers were connected to bridge amplifiers, an analogue filter (Krohn Hite) and an Olivetti microcomputer. The analogue signals of the force transducers were amplified and low-pass filtered (18 dB/octave) at a cut-off frequency of 25 Hz (Krohn-Hite). Subsequently, the signals were digitized by a 12-bit AD converter and processed with an Olivetti PC. The signals were sampled at 100 Hz at an interval of 5 seconds. Data of the measured forces were filtered afterwards with a digital low-pass second-order Butterworth filter with a cut-off frequency of 0.4 Hz.
Treadmill
The push tests and drag tests were conducted on a motor driven treadmill (Enraf Nonius 3446; 1.25 6 3.0 m) at 10 different slopes, ranging from 0.38 to 3.66 degrees. The drag test was conducted as previously described by van der Woude et al. [1] with the experimental wheelchair-dummy combination fixed (at 0.3 m from the floor) with a rope (10% elasticity; [37] ) to the force transducer. The transducer hinged in the horizontal plane to a height-adjustable bar that was fixed to the frame of the treadmill [1] .
The wheelchair push tests were conducted by the trained experimenter (male, 25 years; body mass: 70 kg; length: 1.83 m; shoulder height: 1.51 m), who pushed the wheelchair at the handle bar bimanually at the speed of the treadmill belt. During the push tests the two-dimensional force transducer was fixed to an adjustable frame at the back of the experimental wheelchair. To avoid a vertically directed force component as much as possible, the left and right hands applied a symmetrical and horizontal force in the walking direction onto the handle bar through two pointers that were held between index finger and thumb. A similar set-up and procedure was used in the field tests.
The push and drag force at 0 degrees slope was defined as rolling resistance (F roll ), but obviously includes internal friction components of the wheelchair. Based on previous experience [1] in wheelchair drag tests (and given the inherent instability of the wheelchair during a drag test on the treadmill at a zero slope) the resistance force at zero degrees is not measured directly, but determined through extrapolation on the basis of a linear regression analysis on the measurements at the slopes from 0.38 to 3.66 degrees.
Field tests
The effect of floor surface in the Rehabilitation Centre Amsterdam (RCA) on rolling resistance was evaluated in a series of push tests on six different floor surfaces at a fixed handle height and within a fixed velocity range. All push tests were conducted with the same experimenter who conducted the treadmill tests. Before testing, the experimenter was made familiar with the testing procedure and conditions and was trained in a steady and more or less fixed walking pace and horizontal push direction. All experiments were conducted indoors and at a low but comfortable and steady walking velocity to reduce effects of air resistance and an instable walking pattern. The Figure 1 . Experimental attendant push wheelchair with the height adjustable handle bar, equipped with a two-dimensional strain gauge-based force transducer. The forces acting on the wheelchair during the push test are exemplified.
experimenter repeatedly pushed the wheelchair with dummy across the six different surfaces in six different areas of the centre: tiles (café), tarpaulin (fitness), low pile carpet (corridor), vinyl (gym), high pile carpet (entrance) and tarpaulin (living). Where possible, the wheelchair was pushed up and down so that the even and odd trials were in opposite direction to each other in an attempt to compensate for variations within a given floor surface. In every trial the wheelchair was pushed across the same section of the surface. The experimenter received audible feedback on the velocity of the wheelchair. Also, a metronome was used to help the subject to maintain a given step frequency and thus a more or less constant pushing velocity between 1.11 and 1.25 m s 71 . The frequency of the metronome was the same as the preferred step frequency of the experimenter on the treadmill at a velocity of 1.25 m s
71 . The signals of the force transducer were measured at the moment that the wheelchair reached a more or less constant velocity. Each floor surface was tested with a minimum of forty times. Afterwards a selection of the most stable trials was made, based on the quality of the signals: a more or less constant velocity during the interval of measurement, between 1.11 and 1.25 m s
71
.
Statistics
Apart from descriptive statistics, linear regression analyses were used for the calibration data as well as to relate slope and force in the treadmill push and drag tests, using equation 4. As stated above, the rolling resistance on the treadmill was thus estimated as the force at zero degrees slope (the intercept in equation 4), according to van der Woude et al. [1] .
The influence of velocity and push handle height on push force and drag force were tested by means of an analysis of variance for repeated measures. The level of significance for all tests was p 5 0.05.
Results

Instrumentation
The linearity of the force transducers appeared to be good (r 2 = 0.998). The resolution of the AD conversion during sampling was 0.17 N bit 71 in the horizontal direction and 0.51 N bit 71 in the vertical direction with a calibration range of 193 N. The cross talk between the vertical and horizontal force of the two-dimensional force transducer was low: less than 1% when a mass of 19.7 kg was imposed purely horizontally or vertically. The uni-dimensional transducer for the drag test on the treadmill had similar quality characteristics. Moreover, based on a repeated coast down test (5 6) [33] , the directional stability of the instrumented wheelchair with test dummy appeared to be good.
Push test versus drag test
The analysis of variance for repeated measures (main factors F drag/push and speed ) for the drag and push tests on the treadmill showed significant main effects for the factors F push /F drag (p 5 0.000; figure 2), speed (p = 0.05), as well as for the interaction term (F push / F drag 6 speed) (p 5 0.000).
The difference between drag and push force, averaged over the different speeds, is to the benefit of the drag test over the whole range of slopes. At zero degrees of slope the estimated F roll for the drag test (= 10.8 N + 0.8) is 1.3 N lower than push test (= 12.1 N + 2.1), a 10.7% difference. F roll in the drag test ranged from 9.7 to 11.7 N and from 9.0 to 14. The average vertical component (F z ) during the push test ranged between 0.5 N and 7.4 N over the different slopes and speeds and also appeared significantly related to speed ( figure 3) . Overall, however, this component was not larger than 1% of the total mass of the wheelchair and dummy (105 kg). It was hypothesized that the resistance force measured during the push test can be considered as being mainly rolling resistance if the vertical push force component is less than 1%.
Handle bar height
Based on the personal preference of the experimenter the tests at the different handle heights were conducted at v = 1.25 m s 71 of the treadmill. At zero degrees slope, 4 N) . As was to be expected, push handle height had a significant effect on the horizontal push forces (p 5 0.05). At zero degrees the push force at a handle height of 0.90 m was the lowest, but only slightly less than at the 1.1 and 1.3 m height (table 1) . In terms of F z , the 1.0 m condition proved the least consistent.
Based on the results a push handle height of 1.20 m was selected for the field studies: at this handle height the vertical push force component was the smallest and the experimenter indicated that this height was his personal preference.
Field tests
The field tests were conducted with the push technique and similar to the procedures on the treadmill. Six different floor surfaces in the RCA were evaluated within a velocity range of 1.11 -1.25 m s 71 and at handle height of 1.2 m.
The total number of trials on each of the different floor surfaces in the RCA was 70 with the exception of the floor surfaces in the cafe and fitness room, where respectively 50 and 40 trials were performed. Where possible, the measurements were conducted in two directions over the same trajectory. In the cafe and Figure 3 . The horizontal (F x ) and vertical force (F z ) components during the push test on the treadmill at different slopes and speeds. Three typical trendlines (linear regression; two for F x and one for F z ) are shown with their characteristics. entrance the measurements were made in one direction only because of lack of space. Due to the selection criteria of valid runs-predominantly too much variation in velocity-only 10% of the trials could be taken into account. The mean rolling resistances of six different floor surfaces are presented in figure 4 .
Push force: Fx vs Fz
On the high pile carpet in the entrance, it was very difficult to push the wheelchair in a straight line and with a constant velocity. Subsequently, the vertical push force was considerably larger under this surface condition: more than 10% of the horizontal push force, but only 0.3% of the total weight of the wheelchair with dummy. The tarpaulin or linoleum in the 'living' was somewhat uneven, but this apparently had no effect on the standard deviation.
Rolling resistance (F x or F push ) of tile and tarpaulin in the living was the lowest. Tarpaulin and low pile carpet had an almost equal mean value between 16 and 17 N. F push of high pile carpet was approximately 3 times higher than tarpaulin in the living and tile. The rolling resistance of the vinyl floor in the gymnasium was higher than expected (20.3 N + 1.
2) and appears the second to most straining of all floor surfaces.
Based on the equation for rolling resistance and the mass of wheelchair and dummy the mean rolling friction coefficient c (F roll = cN); [22] for the different floor surfaces ranged from 0.0105 for tarpaulin in the living to 0.0292 for the high pile carpet.
Discussion
Instrumentation
The wheelchair drag test on a motor driven treadmill is frequently used as part of a protocol of wheelchair exercise experiments as well as in studies that evaluate aspects of vehicle mechanics of wheelchairs [1, 2, 20, 22, 37] . The drag test, in combination with wheelchair exercise experiments, will determine external power output (the product of the drag force and the actual belt velocity) as a measure of performance, or-in association with oxygen uptake-a measure for gross mechanical efficiency [2] . When conducted accurately, different mechanical characteristics of wheelchair design and material can also be evaluated with a treadmill drag test (i.e. weight, weight distribution, camber, toe-in/out, wheel size and alignment, tyre characteristics, and also effects of maintenance [2] ). Obviously, treadmills also allow simulation of different ramps. A treadmill is, however, hard to use for the study of rolling resistance of different surface materials. A wheelchair push technique at the level of the handle bars was experimentally introduced by Glaser et al. [15, 30] . However no detailed analyses of reliability and validity of this technique for determination of rolling friction were performed. A similar handle bar push technique was later used by van der Woude et al. [38] to evaluate the mechanical strain onto the upper body through biomechanical modelling of different handle bar heights in wheelchair pushing. This same device was used in the current study on the treadmill and in the field tests.
Given the relative mobility of the experimental set-up, the major advantages of the push technique in determining resisting forces of different floor surfaces on the experimental wheelchair-especially after implementing suggested modifications-include the possibility to provide quick results, and to measure rolling resistance in many different field conditions. The technology basically uses a two-dimensional force transducer and additional electronics, thus is quite cheap. The current equipment proved technically appropriate for the tests on the treadmill as well as in the field tests, but the current set-up was not highly practical. For data acquisition, there was a fixed (extended) cable connection between the force transducers and the electrical and computer equipment. Although giving sufficient manoeuvrability for the current experiments, it does not allow free movement of the push wheelchair in field experiments. This would require for instance a battery-based data logging system, mounted to the wheelchair, which are available on the current market today, also in the context of rehabilitation (engineering) [39] . The feedback of the walking velocity in the current study should be improved in terms of direct visibility for the experimenter.
The handle bar push technique clearly has its limitations, however. The experimenter must be experienced and very aware of the importance of the different requirements of 'a good push technique' (horizontal, stable and constant velocity, especially on soft floor surfaces). A relatively long track is required to accelerate and decelerate the wheelchair and maintain a constant velocity for a sufficiently long trajectory in between. Despite the expertise of the experimenter in the current study, many trials are needed to obtain a sufficient number of acceptable trials to generate an average resisting force. The attachment of the measurement frame to the wheelchair affects the characteristics of the wheelchair to some degree by a shift of the centre of gravity and an increase of the total mass. This will have affected the results of the push technique to some extent-both with respect to F x and F z . For future experiments, light weight and overall reduction of material will help reduce the effect on rolling resistance. Clearly, the current absolute results can only be applied to this wheelchair/experimenter combination and as an indication of rolling resistance of different floor surfaces in relation to each other. The relative values for instance with respect to the more common material like tarpaulin or linoleum are certainly indicative.
An alternative for measurement of rolling resistance of wheelchair characteristics as well as different floor surfaces is the coast down technique [33 -35] . Practical use however requires a horizontal surface, a stable wheelchair and accurate measurement of the distance travelled as well as of the velocity changes during that trajectory. Moreover, speed must be limited to exclude effects of air resistance [18, 40, 41] . Currently, a good alternative technique to measure manual wheelchair rolling resistance is the instrumented wheel. This technology is not only expensive but also requires sophisticated data processing and is therefore not widely available or applicable. It will however enable the measurement of rolling friction during actual wheelchair propulsion under virtually all conditions [5,11 -13] . As well as measurement of rolling resistance and obstacle forces, they can be used to study propulsion technique and mechanical strain to the upper extremity.
Other resisting forces
The force needed to push a wheelchair on a smooth surface with a constant velocity is dependent on rolling friction, internal resistance, air drag and resistance due to an inclination. Air resistance is absent during the measurements on the treadmill. The remaining resisting forces are measured in both the drag and the push test. Based on the figures at the different slopes of the treadmill the resistance at zero degrees slope was extrapolated through linear regression. Direct measurement of the drag force at zero degrees slope is not common, since the hand rim wheelchair is rather unstable in the medio-lateral direction at zero degrees slope, which makes accurate measurement difficult [1] .
As stated above, strictly speaking the measured push force consists of the internal friction (bearing, frame deformation) and the rolling resistance. According to Frank and Abel [22] however, bearing resistance can be assumed negligible (0.001 of the friction coefficient) if the bearings are in good condition and properly adjusted and lubricated. Effects of frame deformation are difficult to determine and will have be minimal in the current experimental wheelchair, since the folding mechanism of the chair was 'overruled' by the frame for the push handle bar that was securely fixed to the (back rest) frame of the chair.
In the field experiment the air drag was considered to be negligible since the measurements were performed indoors and again at a relatively low velocity [22] . Air resistance is defined by frontal plane area, air density and the drag coefficient and the square of air velocity. While Hedrick et al. [40] evaluated different postersand thus frontal plane area-in relation to wheelchair drag in coast down tests, Coe [18] performed a wind tunnel experiment with a wheelchair. Coe indicated that at a speed of close to 2.5 m s 71 , air resistance equals rolling drag and due to its squared dependence, air speed increases exponentially with riding speed. At speeds little above 1 m s 71 air resistance will be limited to 1 N or less [42] . At a speed of 5 m s 71 , air resistance was estimated to be around 14 N.
Push test versus drag test
From experience in the current experiments it may be concluded that the push technique in its current technical form may not be highly practical, but it is certainly usable. One should indeed bear in mind, that in order to generate useful data, the current tests required a considerable degree of experience from the experimenter as well as standardization and control of (walking) speed, dummy positioning and force application. Despite the measures of standardization taken, a more than two-fold higher standard deviation was observed for the overall F push versus F drag at zero degrees slope(2.1 versus 0.8 N). This indicates that the push technique indeed is less reproducible than the drag test. Also despite the measures of standardization, an (overall) small vertical component in the push force is still hard to prevent-both in the more controlled conditions on the treadmill as well as in the field testsdue to the nature of human posture and movement. As a consequence of that and possibly other causes, a relatively small but significantly higher F push is seen on the treadmill compared to the F drag (on average 1.3 N, i.e. 10.7% of F push ). The small but systematic difference in drag and push resisting force may be explained in two ways.
The vertical force component in the push test essentially will enhance the resisting force since it acts perpendicular to the floor surface and thus will lead to a small increase in the reaction force of the floor to the tyre and thus to rolling resistance (see forces and torque in figure 1) .
Moreover, the horizontal component of the push force is applied at a level above the rear wheel axis. This force will generate a (small) torque around the rear wheel axis, which will lead to an additional (small) reaction force of the floor to the smaller castor wheels, thus increasing the rolling friction force of the smaller castor wheels (the smaller air filled tyres of the front castors essentially will have a higher rolling resistance at equal levels of loading). In the drag test the cord was fixed to the frame of the wheelchair little above the rear wheel axis (0.3 m from the floor) and thus has a much smaller moment arm. Theoretically, this results in a smaller additional torque around the wheel axis that acts onto the castor wheels.
Handle bar height
The same combination of the applied push force and the moment arm with respect to the rear wheel axis explains the significant effect of handle height upon the resisting force. Above that, the height of the handle bar seems associated with a gravitational effect of the trunk, head and arms. Glaser et al. [30] made the assumption, after only a small pilot, that the push force was unaffected by the height position of the force transducer. Their pilot was conducted, however, on a horizontal surface while in the current study the effect on pushing height was determined on a treadmill at several inclines up to 3.668. van der Woude et al. [38] also did not find a significant difference in the horizontal push force between five pushing heights in the task of pushing the attendant wheelchair on a flat surface. The main difference between their study and this study was that not only the task differed, but also that the subjects were not instructed to push as horizontal as possible and the subjects were not required to push with a constant velocity. In the task in which the wheelchair had to be pushed up on an inclined surface, a significant effect of pushing height on the push force was found. An explanation for this effect can be found in the fact that the distance between the rear (rotating) axis and the force transducer (moment arm) increases as the pushing height increases. Due to the torque around the centre of the rear wheels, which will increase with handle height, the front wheels are increasingly loaded and a larger resistance of the smaller front castor wheels will be the consequence.
Velocity effect on the treadmill
In contrast to the theory of rolling resistance, in the current results a significant effect of velocity was found on the treadmill, both for the drag test and the push technique. The theory of rolling resistance however holds for ideal testing conditions, which evidently is not the case here. Frank and Abel [10] also found a velocity effect while determining rolling resistance of a wheelchair on a treadmill.
The effect of velocity on the results of the push test seem partly associated with the greater constraints that are imposed upon the experimenter and his 'push' technique, which may introduce larger perturbations of force application and thus deviations of applied forces to control the task and the wheelchair-dummy combination with increasing belt velocity. Above that the step frequency of the experimenter goes up with speed, introducing a more frequent impact on the belt surface. Also the effects of un-roundness of the wheels as well as the roughness of the belt surface and tyre surface will increase over time with increasing belt velocity and as such may influence the impact on the rolling characteristics of the tyres and thus the resisting force. These factors will influence the rate of deformation of the tyre and belt/floor surface material and thus have an impact on the degree of hysteresis that is primarily responsible for the phenomenon of rolling resistance [26] .
Above this level, the trail of the castor wheels may be affected by the irregularities of the belt surface and the perturbations of the belt surface by the experimenter. For instance, a slight increase in the degree of castor shimmy has a considerable effect on rolling resistance [25] . These experimenter-related causes may affect resisting forces in the push test and partly explain the differences seen between the drag and push technique.
Clearly, speed conditions must be standardized in both the drag and push technique for the measurement of rolling resistance, especially in the field test.
Field test
The trials in the RCA were conducted on a flat surface. Effects of an uneven floor surface were outbalanced as far as possible by taking the trials in both directions. This was however not always possible. This will have affected the F x and F z values for the various surfaces to some, unknown, extent.
When interpreting figures from the field test, it clearly needs to be taken into account that the push technique is a less standardized and thus cruder technique to determine the resisting force of a wheelchair. To reach an acceptable data sample in the field test, a large number of repetitions were needed to finally have a sufficiently large number of trials to met the inclusion criteria. Indeed, only 10% of the field test measurements were included in the analysis, since the majority of the trials did not meet the inclusion criteria of a stable velocity within the boundaries of 1.11 and 1.25 m s 71 . Despite this, the standard deviations seen for the different floor surfaces overall still only vary between 1 and 2 N, i.e. 10 to 20% of F push . Despite all the technical and experimental limitations one may conclude that the push technique renders information closely mimicking the resistance force experienced during the pushing of a wheelchair.
As expected the tile and tarpaulin in the living surface had the lowest rolling resistance and the high pile carpet the highest. Glaser et al. [30] found, pushing on a tiled surface, a rolling resistance of 11 N (total mass = 105 kg). In the present study rolling resistances of 10.8 and 11.9 N were found for tarpaulin (living) and tile, respectively. The high pile carpet was located at the entrance and had a cleaning function; the carpet piles work as brushes. This particular function not only causes steering problems, but also increases the rolling resistance.
Surprisingly, the rolling resistance in the gym was relatively high compared to the other surfaces. This floor surface consists of a quite soft and elastic material that helps to prevent injury in the event of a fall. Due to mobility related impairments, falling is a serious hazard for many patients in rehabilitation. Given their age and limited co-ordination, a fall can have serious physical consequences. A more elastic floor surface will help to prevent these.
The down-side is that wheelchairs will experience more resistance. This may impair different wheelchair users in their mobility. The maximal power output of subjects with tetraplegia is about 25 Watt [16] . This means that for these wheelchair users the maximal velocity on the gymnastic floor will be about 1.25 m s
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. If only the rolling resistance is taken into account it can be argued that it is better to apply harder surfaces in a gymnastic room. However, in view of the fact that during wheelchair sports, like basketball and quad rugby, crashes are quite common, the protection function of a soft surface is useful for wheelchair users.
Conclusions
Horizontal resistance measured during a strictly standardized (push height, velocity, force direction training; vertical component less than 1% total weight) handle bar push test can be considered as a reasonable indicator of rolling resistance plus internal friction, and the described push method is a usable method to measure rolling resistance in field conditions. The results only hold for the current experimental wheelchair. With some adjustments-direct feedback of velocity and data logging in a unit on the wheelchair, but also the use of lightweight materials and reduction of materials for the push frame-the method will generate even more useful information on rolling drag.
Since pushing height and velocity had an effect on rolling resistance, both must be standardized in future experiments as well as in practical use later.
Comparing the six different floor surfaces, high pile carpet had the highest rolling resistance and tiles the lowest, more attention should be paid to floor surface as an environmental barrier for wheelchair users (especially in clinical situations).
